Introduction
Schizophrenia (SZ) is a severe mental disorder in which an underlying dysfunction in synaptic transmission has been implicated across multiple brain regions [1] [2] [3] [4] . The most notable cellular pathology observed in SZ is a reduction in dendritic spines in layer III pyramidal neurons of the neocortex, though spine alterations in other cortical layers and brain regions have also been observed [1, [5] [6] [7] . Studies of twins, families with a higher incidence of SZ, and larger case/control populations, including recent evidence from the Psychiatric Genomics Key Words Schizophrenia · Mitochondria · Dendritic spines · Polygenic disorder · Genome · Transcriptome · Proteome · Induced pluripotent stem cell · Fluorescence deconvolution tomography · Antipsychotic drug Abstract Genetic evidence has supported the hypothesis that schizophrenia (SZ) is a polygenic disorder caused by the disruption in function of several or many genes. The most common and reproducible cellular phenotype associated with SZ is a reduction in dendritic spines within the neocortex, suggesting alterations in dendritic architecture may cause aberrant cortical circuitry and SZ symptoms. Here, we review evidence supporting a multifactorial model of mitochondrial dysfunction in SZ etiology and discuss how these multiple paths to mitochondrial dysfunction may contribute to dendritic spine loss and/or underdevelopment in some SZ subjects. The pathophysiological role of mitochondrial dysfunction in SZ is based upon genomic analyses of both the mitochondrial genome and nuclear genes involved in mitochondrial function. Previous studies and preliminary data suggest SZ is associated with specific alleles and haplogroups of the mito-Consortium (PGC), have all suggested that SZ has a primary genetic component [8] [9] [10] [11] [12] . The genetic etiology of SZ is strikingly complex, however, given the lack of association with any one specific gene or locus in all SZ cases. Multiple studies have utilized pathway enrichment analyses to explore this complexity and have suggested the loci associated with SZ converge on specific molecular networks [e.g., postsynaptic density (PSD), cytoskeleton organization and mitochondria], supporting the hypothesis that SZ is a polygenic disorder where deficits in several or many genes coalesce to form a common cellular pathology and disease phenotype [5, [12] [13] [14] [15] [16] [17] [18] [19] .
The dendritic spine pathology observed in SZ brains and the potential consequences of these defects have been extensively reviewed by Glausier and Lewis [1] . These pathological alterations in dendritic spine morphology have additionally been correlated with multiple molecular alterations, including but not limited to, a reduction in expression in specific RhoGTPase genes, a loss of microtubule-associated protein 2 (MAP2) immunoreactivity, and transcriptome alterations in the mitochondrial and ubiquitin-proteasome system pathways [5] [6] [7] . Interestingly, the mitochondrial network has been observed to have the most robust and significant transcriptome alterations in layer III pyramidal cells, which is where the most dramatic decrease in dendritic spine density has been observed, supporting a molecular link between signatures of mitochondrial dysfunction and dendritic spine pathophysiology in SZ [5] .
Mitochondria have central roles in dendritic spine architecture and many neuronal processes, and thus affect the connections that underlie functional cortical circuitry [20, 21] . More specifically, mitochondria provide nearly all of the energy for dendritic spine formation, synaptic transmission, maintenance of ionic homeostasis in synaptic terminals, synaptic vesicle recycling, and long-term potentiation [20] [21] [22] [23] [24] . In neurons, mitochondria are transported in both retrograde and anterograde directions along molecular motors, and their motility can be altered by a variety of different factors including prolonged synaptic activation, neurotransmitters, growth factors, medications, viruses, calcium level alterations, immune activation, and mutational disruption of specific genes [20, 21, [25] [26] [27] [28] [29] [30] [31] [32] [33] . Mitochondria have been shown to positively regulate dendritic spine morphogenesis and plasticity, but are also implicated in the negative regulation of dendritic branching during development [20, 34] . Overall, there is an extensive body of evidence in the literature that intrinsically links mitochondrial copy number, localization and function with dendritic spine morphology and synaptic transmission.
This review summarizes evidence of mitochondrial dysfunction within the complex genetic etiology of SZ. Both published reports and preliminary data described here indicate the mitochondrial network may be affected in SZ through genetic aberrations of the mitochondrial genome and mitochondrial genes located on the nuclear chromosomes; downstream alterations in mitochondrial transcript expression, mitochondrial function and localization are also discussed. In order to prioritize gene candidates, we review the mitochondrial genes that have been associated with SZ multiple times by a variety of independent methods and studies, including analyses of copy number variants (CNVs), rare and de novo mutations, genome-wide associations, transcriptome alterations in SZ brains and during adolescence, and proteomics ( table 1 ) [5, 12-15, 18, 19, 35-40] . We present a multifactorial model, where alterations in gene networks specific to PSD, cytoskeleton organization and an array of mitochondrial processes may independently (or additively) lead to dendritic spine deficits and SZ symptom onset ( fig. 1 ). We will also address the influence of antipsychotic drugs (APDs) on mitochondrial function and describe how these effects are likely independent of the role mitochondrial dysfunction plays in SZ pathophysiology. Lastly, we highlight the positive associations between mitochondrial dysfunction and a number of adult-onset and neurological disorders, and emphasize the need to investigate drugs that specifically target mitochondrial function and/or localization as a potential therapeutic strategy for SZ patients.
Results and Discussion
The Mitochondrial Genome and SZ The mitochondrial genome is a double-stranded circular molecule of approximately 16,569 nucleotides and codes for 13 protein-coding genes, in addition to a series of ribosomal and transfer RNAs [41] [42] [43] . Both single nucleotide polymorphisms (SNPs) within the hypervariable [14] , DER (teen > child) [36] region of the mitochondrial genome, and mitochondrial haplogroups have been associated with SZ (or protection against SZ) in several studies [42, [44] [45] [46] [47] [48] . We previously described two SNPs that nominally associate with protection against SZ -the T allele at position 16519 (rs3937033) and the C allele at position 195 (rs2857291) in individuals with European ancestry using the Genetic Association Information Network (GAIN) and Wellcome Trust Case Control Consortium 2 (WTCCC2) datasets. These specific SNP associations were specific to SZ, and were not significant for bipolar disorder (BD) or psychiatric illness in general (SZ + BD) [42] . Allelic association at position 16519 was not observed as significant in a published Santiago cohort of SZ patients; however, allele frequencies were reported in this study, so we utilized these data for a meta-analysis across three separate cohorts [49] . Specifically, analysis was performed on pooled data from (1) the GAIN-WTCCC2 cohort set, (2) the Santiago cohort, and (3) a dataset of 632 Bulgarian father-offspring pairs, resulting in a meta-analysis of 7,375 subjects (2,209 SZ vs. 5,166 controls) [19, 42, 49] . The results from the preliminary meta-analysis confirm the protective association of the T allele at position 16519, with a Mantel-Haenszel odds ratio (OR) of 0.83, and a 95% confidence interval Color version available online range of 0.74-0.93. Two-tailed t tests demonstrated that the meta-analysis of this SNP was significant (p < 0.001).
The nominal OR described in this study, as well as other reports about individuals of European and non-European ancestry, do not suggest these SNPs play a primary role in SZ pathology. However, due to the complex genetic etiology of SZ, these variants may be useful for population stratification and subsequent pathway enrichment analysis on patient cohorts with or without risk (or protective) alleles, and may thus increase statistical power in some circumstances. Another study also identified mitochondrial variants within the hypervariable region that were associated with risk or protection in multiple late-onset diseases including SZ [50] . In addition to mitochondrial allele associations with SZ, several studies have reported nominal associations with specific mitochondrial haplogroups and SZ, although other studies have additionally suggested such nominal associations are not pathogenic [44, 45, 48, 49, 51] . As such, these associations and haplogroup assignments may also be better warranted for population stratification, analysis of additional variables like disease onset and symptom severity, and enhancement of statistical power to discover variants enriched within SZ subgroups or populations with differences in mitochondrial ancestry.
There have been additional associations between the mitochondrial genome and SZ, specifically with regard to the ratio of the mitochondrial common deletion observed in brain tissue, and to alterations in peripheral mitochondrial copy number. The common deletion is a 4,977 nucleotide deletion of the mitochondrial genome occurring as a somatic, heteroplasmic event, and is most commonly observed in tissues with high metabolic rates and during the aging process [52] . Several studies have demonstrated an age-dependent increase of the mitochondrial common deletion in control subjects' brains, but this age-dependent increase was not observed in SZ [52] [53] [54] [55] [56] . Moreover, we have previously shown that pooled analysis across 10 brain regions supports a significantly lower accumulation of the common deletion in SZ compared to control subjects (p < 0.01), or compared to individuals with other psychiatric disorders [i.e., BD (p < 0.02) and major depression disorder (p < 0.001)] [52] . It should be noted that there is a substantial difference in the levels of the common deletion across brain regions, and that the differences associated with SZ were not specific to any one region but were, rather, a cumulative observation of the average brain burden. Because these results are obtained from quantitative PCR analysis, where the relative ratio of the common deletion is compared and normalized to nondeleted mitochondria, one possible explanation for the lower amount of common deletion in SZ, and the lack of correlation between deletion load and aging in these individuals, is that the number and/or stability of mitochondria organelles is compromised in SZ subjects. A lower number of mitochondria per cell, or a higher proportion of unstable mitochondria capable of appropriate fusion or fission processes, may make the natural mechanisms that lead to accumulation of large mitochondrial deletions less likely to occur in SZ brains. However, we have observed a significant increase in both synonymous and nonsynonymous single base pair substitutions, and an increased transition/transversion bias, in SZ brains compared to controls, suggesting these variants may play a role in the lack of accumulation of the common deletion in SZ or may be correlated features of the same stress response [43, 44] . But we have not tested sufficient germline samples to determine whether this disease bias is exclusively due to somatic mutations or is also a reflection of inherited variants. Together, these data suggest that mitochondria in SZ may have more mutations or variants that make them more susceptible to processes like oxidative stress or replication errors that cause single-point mutations. We speculate that neurons of SZ subjects may be less tolerant of large aberrations like the accumulation of the common deletion that normally occurs during aging.
In order to preliminarily investigate whether mitochondrial copy number is reduced in SZ, and thus may be (partially or fully) responsible for the lower proportion of the common deletion observed in SZ brains, we utilized genotype data from Affymetrix SNP arrays from the GAIN case-control dataset to analyze peripheral mitochondrial copy number. Briefly, the statistical method for mitochondrial copy number assessment on genotype arrays utilizes probe intensities from a series of mitochondrial SNPs and relates this to principle component analysis data obtained from a subset ( ∼ 1,000) of autosomal SNPs to obtain standardized residual values of mitochondrial copy number for each subject [57] . After correcting for plate effects, we observed a significant reduction (p < 10 -40 ) in peripheral mitochondrial copy number in SZ subjects compared to controls, and also a significant reduction in BD, although the effect was less dramatic (p < 10 -6 ). In order to further correct for additional factors such as sex and age, we performed a corresponding analysis of the 632 Bulgarian family trios [19] . This analysis did not demonstrate a significant reduction in peripheral mitochondrial copy number in SZ versus controls after correcting for plate effect, age, and sex, but did show a significantly lower mitochondrial copy number in males versus females (p < 10 -16 ), and a significantly negative correlation between age and mitochondrial copy number in males exclusively (p < 0.01). The discrepancy between these two preliminary data sets could be due to a number of factors, including lack of corrections in the GAIN data set, and/or confounding environmental factors that may influence mitochondrial copy number in either cohort, including lifestyle factors such as smoking, medications, metabolic syndromes, infections, or environmental exposures. It is encouraging, however, that one analysis resulted in a significant reduction of mitochondrial copy number in SZ, indicating that further evaluation of this trait as one possible mechanism of mitochondrial dysfunction in SZ is warranted. Another study using a polymerase chain reaction (PCR)-based quantification of mitochondrial and nuclear DNA in SZ and control brains also did not find a decrease in mitochondrial CN; however, this analysis was from a small sample size (control, n = 8; SZ, n = 6) [58] . Given our hypothesis that a multifactorial model of mitochondrial dysfunction occurs within SZ as a whole, it is also possible that mitochondrial copy number reductions will only be observed in specific SZ cohorts and that mitochondrial dysfunction is not related to copy number in all individuals but is more a reflection of (mitochondrial or nuclear) mutational load affecting mitochondrial functioning and not crude numbers of mitochondria. Future evaluations on mitochondrial copy number should perhaps focus on brain tissue evaluations, rather than those obtained from peripheral blood samples to avoid the confounding factors that may influence mitochondrial copy number in mitotically active or immune-specific cells. Moreover, mitochondrial copy number has previously been shown to have a relatively high degree of narrow-sense heritability (h 2 ), which was described to be 0.65 in a twin study on renal carcinoma; this result was partially supported by our new analysis of the Bulgarian trio cohort using the GHOST and MERLIN software packages [56] and was likewise determined to be heritable (h 2 = 0.37), although to a lesser extent than previously described [59] .
Lastly, reduced expression in a majority of the proteincoding genes (10/13) residing in the mitochondrial genome has also been observed in SZ brains, but this difference was not observed in BD brains [41] . The genes found to have reduced expression in SZ include
, and MT-ND6 . Similar to the arguments of why a reduction in the common deletion has been observed for SZ, it is possible that the reduced expression of mitochondrial transcripts may be due to a decrease in mitochondrial copy number in SZ brains. Alternatively, this difference may also be due to differences in transcriptional regulation of the mitochondrial genome in SZ, or stability of the mitochondrial polycistronic transcript, which may precede or follow the observed reductions in dendritic spine density.
Mitochondrial Genes in the Nuclear Genome and SZ
In addition to the 13 protein-coding genes located on the mitochondrial genome, there are an estimated 1,500 protein-coding genes located in the nuclear genome involved in mitochondrial function, replication, or localization [42, 60, 61] . These genes have been identified as having mitochondria-specific functions through a number of methods, including computational prediction, proteomic analysis such as mass spectroscopy, localization analyses by GFP tagging, and homology with mitochondrial genes described for murine tissues, the latter of which has undergone extensive experimental validation and includes over 1,000 of the 1,500 predicted mitochondrial proteins [61] . It should be additionally noted that this list does not encompass all noncoding RNAs, such as microRNAs and long noncoding RNAs, that are likely involved in mitochondrial function or regulation of mitochondrial gene transcription, and as such the number of identified transcripts involved in some form of mitochondrial function will likely grow as functional evaluations of noncoding RNAs continues to expand these reference sets [62] [63] [64] [65] . Nuclear-encoded mitochondrial genes have been implicated in SZ etiology and pathology in a number of published studies.
In evaluating overlap with the human MitoCarta reference set of 1,013 human mitochondrial genes [61] , and review of others' published observations, we describe the association between SZ and a number of mitochondrial genes. Studies evaluated include analyses of CNVs, rare and de novo mutations, genome-wide associations, transcriptome alterations in SZ brains and during adolescence (i.e., during stages of brain development physiologically relevant to the onset of SZ symptoms), and proteomics [5, 12-15, 18, 19, 35-40] . We summarize how, together, these independent studies support a multifactorial model of mitochondrial dysfunction within the complex genetic etiology of SZ ( fig. 1 ) . The 57 mitochondrial genes associated with SZ etiology or pathology in at least 2 independent studies of unique design (and the study type and reference(s) where each gene was identified) are displayed in table 1 . A complete list of the 295 mitochondrial genes identified by these various methodologies is provided on-line (online suppl. table S1; for all online suppl. material, see www.karger.com/doi/10.1159/000441252).
The 22q11.2 deletion syndrome is caused by a microdeletion in human chromosome 22, and results in a very high predisposition to SZ, with up to one third of individuals developing SZ or schizoaffective disorder by adolescence or early adulthood, which is a much higher incidence than the ∼ 1% reported for the general population at large [35] . As such, historically, 22q11.2 deletion syndrome has been one of the most well-studied models for evaluating disease-causing genes due to its pathological association with a single locus that harbors 25-40 potentially pathogenic genes depending on the size of the deletion and genomic reference. Genes with mitochondrial function within this region include PRODH , SLC25A1 , MRPL40 , TXNRD2 , and COMT . It should be emphasized that these specific genes may have, and likely do have, multiple functions outside of their role in mitochondria; COMT , for example, has been well studied for its role in dopamine degradation, but studies employing GFP-tagging have provided evidence of mitochondrial localization as well [61, 66] . Also, although SZ has been reported to have a much higher prevalence in individuals with 22q11.2 deletion syndrome, a lack of complete penetrance for these psychiatric symptoms supports a polygenic etiology that includes genes outside of this genomic region. More recently, studies have focused on genomic evaluations of larger case-control studies to identify genes contributing to SZ pathogenicity.
In addition to the 22q11.2 deletion, a number of other CNVs have been implicated in SZ etiology using genomewide survey of several large cohorts, including one metaanalysis of 7,907 SZ cases and 10,585 controls, and a Swedish cohort study of 4,719 cases and 5,917 controls [18, 19] . The meta-analysis of 34 de novo CNVs identified in SZ did not show a significant enrichment of the mitochondrial network in comparison to several control groups; however, the mitochondrial reference set used for this study only encompassed 189 genes, which was curated from protein correlation profiling in specific organelles and is considerably less robust than the predicted 1,000-1,500 proteins that have been identified in the MitoCarta reference set. Nonetheless, this study did show several mitochondrial genes hit by de novo CNV events in SZ, specifically MDH2 and BDH1 [19] . The genomewide CNV analysis of the Swedish cohort did find a significant enrichment of the mitochondrial network in SZ, using both a smaller reference list of 193 genes that correspond to the previously described meta-analysis data set, and using 892 mitochondrial genes representative of the majority of validated murine mitochondrial genes in MitoCarta [18, 61] . Specifically, for the smaller mitochondrial reference set, CNVs identified only as large deletion events (>500 kb) were significant (p < 0.01) after multiple-comparison adjustments and overlapped with 12 mitochondrial genes: ACAD8 , AMACR , ATP5J , BDH1 , GOT2 , HSD17B4 , MDH2 , MLYCD , SLC25A1 , TUFM , TXNRD2 , and UQCRC2 . For the larger MitoCarta reference set, similarly only large deletion events (>500 kb) were significant (p < 0.05) after multiple comparison adjustments and overlapped with 31 mitochondrial genes:
, and UQCRC2 [18] . Contrary to this, genes identified by duplications (or additive analysis of deletions and duplications combined) were not significantly enriched for this pathway, suggesting mitochondrial involvement in SZ may be more related to loss of function or loss of copy number than dominant-negative or increased gene dosage effects.
A large genome-wide association study (GWAS) recently conducted by the PGC included analyses of 36,989 cases and 113,075 controls and identified 108 credible genomic loci through 128 independent associations [12] . These 108 loci encompass over 300 genes, and enrichment analysis demonstrated an overrepresentation of genes expressed in the brain, as well as those specific to glutamatergic signaling and immunity. Although not mentioned specifically, these 108 loci also overlap with the following 22 genes implicated in mitochondrial function:
, DRG2 , and TMTC1 [12] . Statistical tests using hypergeometric distribution indicate this represents a significant enrichment (p < 0.05) of the mitochondrial network relative to all protein-coding genes. We also evaluated the 7.6-Mb region of the extended human major histocompatibility complex locus which was highly associated with SZ in the PGC GWAS study; however, we did not identify any genes within this region that are implicated in mitochondrial function [12, 67] . An independent GWAS analysis of the PGC data and another cohort of Han Chinese origin evaluated nuclear-encoded core genes specific to mitochondrial complex I, and did not find a significant association of any of the SNPs with SZ in both studies; however, this report did identify a nominal association with SNPs in two genes, NDUFS1 and NDUFS2 , and early-onset SZ (onset ≤ 18 years), supporting a possible involvement of mitochondrial dysfunction and the temporal variation of SZ symptom onset [36] .
A large exome sequencing study of a Swedish cohort of 2,536 SZ cases and 2,543 controls implicated a polygenic burden of rare disruptive mutations across multiple pathways, including the PSD proteome [15] . Extended association of gene sets associated with intracellular loci or organelles demonstrated a significant (p < 0.05) enrichment of disruptive variants (non-sense, essential splice site and frameshifts) in a mitochondrial reference list of 197 genes, while other organelle compartments such as the endosomes, endoplasmic reticulum, Golgi, nucleus, and plasma membrane were not significantly enriched in this PSD gene dataset [15] . This study also demonstrated that 29% of the mitochondrion gene list overlapped with the PSD (human core) gene list. These data further support the functional link between mitochondria and dendritic spine density, and additionally suggest that associations with enrichment in the PSD network should be further analyzed for subcellular involvement of mitochondrial genes. In further evaluation of their list of genes with high ORs (>5) that were listed as those 'prioritized as more likely to harbor large-effect alleles', we identified 8 mitochondrial genes (including their top-ranked gene): SLC25A3 , GLUD1 , ACO2 , ATP5A1 , PRDX1 , PRDX2 , SUCLA2 , and KYNU [15] . As such, the functional effect these genes may have on both PSD and mitochondria should be evaluated for their potentially pathological role in SZ.
Another large exome-sequencing study was performed using blood from 623 SZ family trios, and was used to determine the impact of de novo coding or canonical splice site variants within SZ probands [14] . This analysis revealed an overrepresentation of synaptic proteins, similar to the enrichment described earlier for the exome results of rare disruptive mutations. Analysis of the ∼ 640 validated coding de novo mutations discovered in subjects with SZ demonstrated these mutations resided in 613 unique genes, from which the following 24 were related to mitochondrial function:
, CERK , and ACSL4 [14] . Together, these data support our multifactorial model of mitochondrial dysfunction ( fig. 1 ) within the complex genetic etiology of SZ, suggesting nuclear genes involved in mitochondrial function may be impacted by large copy number variations [18, 19, 35] , rare and common SNPs [12, 68] , rare disruptive mutations [15] , and de novo mutational events [14] .
RNA and Protein Alterations of Mitochondrial Genes in SZ and Adolescence
Given the genetic evidence of mitochondrial dysfunction, it is not surprising that an enrichment of differentially expressed, nuclear-encoded mitochondrial genes has been observed in SZ brains in multiple studies. One study evaluated gene signatures of layer III and layer V pyramidal cells between 36 SZ and 36 control subjects using microarrays and subsequently performed pathway enrichment analysis [5] . A striking observation was that genes involved in the mitochondrial network were significantly reduced in SZ compared to control in both layers analyzed, and that this reduction was more significant for layer III pyramidal cells, which has been the site observed to have the most robust reduction in dendritic spine density [1, 5] . Additionally, a reduction in expression of genes involved in the ubiquitin-proteasome network was also observed in this study, but these differences were specific only to layer V cells [5] . Mitochondrial genes with significantly reduced expression described in this study included the following:
, DLD , ATP5L , and PPA2 [5] . Another study analyzed hippocampal dentate gyrus neurons from the granule cell layer in 22 SZ brains and 24 control subjects from two separate cohorts, and also identified enrichment of the mitochondrial network [37] . In this analysis, 13 mitochondrial (MitoCarta) genes were found to be significantly decreased in expression in subjects with SZ across both cohorts: ACAT1 , UQCRFS1 , IDH3A , LDHA , MDH2 , NDUFB2 , NDUFB5 , NDUFS4 , PDHB , SCO1 , SLC25A4 , SDHA , and TIMM17A [37] . Lastly, one study evaluating prefrontal cortex (PFC) area 9 tissue identified 10 metabolic genes that displayed significantly different expression in SZ brains [13] . These 10 genes included 6 with known mitochondrial function, including ATP5A1 , GOT2 , MDH1 , OAT , OXCT1 , and TIMM17A [13] .
English et al. [40] previously performed an extensive review of the proteomics studies of SZ and other psychiatric disorders. In further support of our multifactorial model of dendritic spine loss ( fig. 1 ) , their proteomics re-209 view article summarizes multiple studies that have observed alterations in cytoskeletal, synaptic, and mitochondrial (i.e., oxidative stress and metabolism) proteome networks in SZ [40] . The supplementary data in the review by English et al. [40] covers 11 proteomic studies of both white and grey matter, and was used here to identify alterations in proteins coded by genes with mitochondrial function. From this review, we identified 42 mitochondrial genes whose protein product has been shown to have alterations in SZ brains including the following:
, VDAC1 , and VDAC2 [40] . Impressively, 18 of these 42 mitochondrial genes (43%) were found to be independently associated with SZ by genomic screening and/or transcriptome analysis in the studies reviewed here ( table 1 ) .
Additionally, there have been 2 studies evaluating transcriptome alterations that occur during brain development and across multiple stages of life, which both have implications for SZ pathophysiology [38, 39] . First, one study using whole-genome microarray analysis of postmortem PFC demonstrated a peak in gene expression in brains derived from subjects in adolescence or early adulthood (15-25 years old), which correlates with the onset of SZ symptoms and supports the hypothesis that this time frame represents a 'window of vulnerability' [38] . This study identified >3,000 probe sets, specific to 2,330 genes with a unique identifier, that significantly correlated with a template described as an expression pattern where 'a peak or trough in expression level [was observed] between ages 15 and 25' [38] . Of these 2,330 genes identified from their supplemental data table, we found that 128 were related to mitochondrial function based on their presence in the human MitoCarta reference set [61] . Given the length of this list of genes, their symbols are not fully provided here; however, any of these genes overlapping with other genomic/transcriptomic lists are listed in table 1 . This study also emphasized enrichment of functional groups related to mitochondrial function in gene sets with a positive correlation to their template, including the electron transport chain (ETC), glycolysis and oxidative stress [38] .
A second expression study with relevance to SZ development performed transcriptome sequencing on 72 PFC samples across six stages of life and discovered differentially expressed regions (DERs) that were enriched for sites related to clinical risk of SZ [39] . Analysis of the gene ontology (GO) enrichment analysis specific to the genes with the highest expression in the teen age group revealed a significant enrichment for several mitochondrial functional groups, including (but not limited to) apoptotic mitochondrial changes, release of cytochrome c from mitochondria, regulation of mitochondrial membrane permeability involved in apoptotic process, mitochondrial membrane organization, mitochondrial ATP synthesiscoupled electron transport, mitochondrial outer membrane permeabilization, response to oxidative stress, and mitochondrion organization [39] . Of note, a similar search for mitochondrial terms in genes that peaked in expression during adulthood did not find an enrichment of mitochondrial functional groups, further supporting the hypothesis that mitochondrial genes may play a specifically important role during this 'window of vulnerability' described for the adolescent onset of SZ symptoms. Analysis of DERs with at least a 2-fold greater expression in teens compared to adults (range 2-to 151-fold) and an adjusted mean expression value >0 for both groups identified 3,722 DERs that were annotated as proximal or overlapping with 1,597 unique gene symbols. Of these >1,500 genes, the following 36 genes were represented in the human MitoCarta reference as having mitochondrial function:
, and RPL34 . Analysis of DERs with at least a 2-fold greater expression in teens compared to children (range 2-to 83.5-fold) and an adjusted mean expression value >0 for both groups identified 2,161 DERs that were annotated as proximal or overlapping with 899 unique gene symbols. Of these ∼ 900 genes, the following 25 genes were represented in the human MitoCarta reference as having mitochondrial function:
, and UQCRC1 [39, 61] .
Studies like these provide an excellent framework to decipher the functional and developmental role of genes associated with SZ pathophysiology and help elucidate the role they may play in disease onset and symptom progression. In summary, we identified 295 mitochondrial genes that associated with SZ in at least 1 study (online suppl. table S1), 57 of which associated with SZ etiology or pathology in at least 2 independent studies of unique design ( table 1 ) . There were 26 genes cross-identified exclusively in the RNA and protein studies that were not represented in the genomic studies we evaluated, while the remaining 31 genes were represented in at least one genomic analysis dataset. Interestingly, 19.2% (5/26) of the genes identified exclusively at the RNA/protein level have been previously associated with Mendelian disorders of the ETC (i.e., complex I-IV deficiencies), while only 9.7% (3/31) of the genes cross-identified by genomic (DNA) analysis displayed this affiliation with Mendelian ETC disorders according to the Online Mendelian Inheritance in Man (OMIM) catalogue [69] . These data suggest that genomic alterations are less likely to be identified in SZ for major mitochondrial genes associated with the ETC as loss-of-function mutations would more likely lead to a developmental (and possibly fatal) disorder typified by deficiencies in complex I-IV; however, transcriptome and proteome alterations in these genes are heavily observed in SZ and during adolescence, suggesting other loci or aberrant processes lead to hypofunctional effects, which appear to be targeted on genes required for complex I and II activity in SZ brains.
The 57 mitochondrial genes identified across multiple studies ( table 1 ) are associated with protein products with both synaptic and nonsynaptic enrichment. Völgyi et al. [70] performed proteomic analysis on brain synaptic and nonsynaptic mitochondria from mice and identified proteins enriched in each group. Proteins with synaptic enrichment that have shown alterations in SZ ( table 1 ) are involved in ATP metabolism (ATB5B and ATP5A1) and the ETC (CYB5A and UQCRC1) , while proteins with nonsynaptic enrichment that have shown alterations in SZ ( table 1 ) are involved in the tricarboxylic acid cycle (ACO2 , IDH3A , MDH1 , and PDHB) , protein transport and folding (HSPD1) , and the ETC (NDUFS1 , DLD , and UQCRC1) [70] . These pathways have been repeatedly implicated as mechanisms of metabolic dysfunction in SZ pathology. These data suggest that some mitochondrial SZ candidates may only show alterations in human brain tissue or neuronal cell cultures where synaptic compartments can be isolated or evaluated, while others with nonsynaptic enrichment may be more applicable to peripheral studies using blood or other nonneuronal sources. The other mitochondrial genes we describe ( table 1 ) did not exhibit compartmental enrichment in the proteome study by Volgyi et al. [70] , suggesting these genes may be equally involved in mitochondrial processes necessary for both synaptic and nonsynaptic functions.
Functional Signatures of Mitochondrial Dysfunction in SZ
In addition to the genetic associations between mitochondrial genes and SZ, and the observations related to altered expression of the mitochondrial network, functional signatures of mitochondrial dysfunction have been observed by several microscopy techniques. Alterations in mitochondrial morphology, density and number have been observed in ultrastructural studies of SZ brains using transmission electron microscopy [71] [72] [73] [74] . Specifically, a reduction in mitochondrial density has been observed in oligodendrocytes of SZ brains; additional reductions in mitochondrial density have been observed within the caudate and putamen regions of the striatum [71, 72] . More recently, a reduction in mitochondrial density specific to synaptic compartments within the striatum has been observed, and showed density reductions specific to both the putamen and caudate and more dramatic alterations in chronic paranoid SZ subjects compared to nonparanoid (undifferentiated) SZ subjects, further supporting the role of synaptic mitochondrial density and SZ symptom variation and disease onset [73, 74] .
As an additional microscopy-based observation of mitochondrial dysfunction in SZ, we provide preliminary evidence here of a reduced density in (aggregated) mitochondria specifically at postsynaptic density compartments using co-localization morphometric analysis and fluorescence deconvolution tomography (FDT; fig. 2 ) [75] [76] [77] . Specifically, we utilized co-localization of TOMM40 as a mitochondrial marker (translocase of the outer mitochondria membrane 40 homolog; Millipore Ab. Cat. No. ABT296), along with PSD-95 (postsynaptic density 95 kDa; Thermo Scientific Ab. Cat. No. MA1-045) to evaluate the relationship between mitochondria and synapses in SZ brains compared to controls. We ran a preliminary comparison of PSD-95 and TOMM40 colocalization profiles in cortical layer I from postmortem dorsolateral PFC of 6 SZ subjects and 2 controls, counting an average of 11,300 co-localized synaptic and mitochondria puncta per subject ( fig. 2 a) . Interestingly, analysis of crude co-localization counts did not demonstrate a difference between SZ and controls in this small cohort ( fig. 2 b) ; however, there was a significant difference observed between SZ and controls after binning the co-localized puncta based on fluorescence intensity of the TOMM40 signal ( fig. 2 c) . The results of this analysis demonstrated that there was a significant reduction of 'high intensity' TOMM40-immunopositive mitochondria that co-localized with PSD-95 in SZ compared to controls, and a significant increase in 'low intensity' mi-tochondrial puncta that co-localized with PSD-95 in SZ compared to controls ( fig. 2 c) . Given that the morphometric analysis by this FDT technique cannot necessarily resolve individual mitochondria, one interpretation of these results is that the differences in TOMM40 intensity signal are a reflection of mitochondrial density, or the number of mitochondria aggregated within a small space specific to the synaptic compartment. Likewise, differences in TOMM40 intensity could additionally be reflective of differences in mitochondrial size or morphology that affect the immunofluorescence signal at these co-localization sites in, or proximal to, the postsynaptic compartment. Future studies should utilize immunohistochemical imaging techniques such as FDT to evaluate the FDT morphometric analysis of mitochondria and synaptic puncta in SZ brains. FDT from dorsolateral PFC layer I of SZ (n = 6) compared to controls (CTRL; n = 2) suggests synaptic puncta of SZ subjects have lower density of (aggregated) mitochondria or abnormal mitochondrial morphology. a Fluorescence images from mitochondria and synaptic puncta immunohistochemistry co-localization used for FDT analysis. Left: Low-magnification image of TOMM40 immunofluorescence (i.e., mitochondria label). Scale bar = 10 μm. Right: High-magnification image of TOMM40 (mitochondria = red) and PSD-95 (synaptic puncta = green) immunofluorescence. Colors refer to the online version only. Scale bar = 1 μm. Arrows point to co-localization of both markers used for morphometric analysis between SZ and CTRL. b Mean and standard deviation of co-localized puncta (TOMM40+/PSD-95+) across all subjects suggests no difference between SZ and CTRL (i.e., the same number of co-localized puncta were observed in both groups). c Mean and standard deviation of co-localized puncta (TOMM40+/PSD-95+) across all subjects, binned according to TOMM40 fluorescence intensity and normalized to the total number of puncta counts per subject, demonstrates significant differences between SZ and CTRL and suggests SZ synapses have lower density of (aggregated) mitochondria or abnormal mitochondrial morphology. n.s. = Not significant, * p < 0.05, * * p < 0.01.
mitochondrial and spine deficits in SZ brains, and should include analyses of larger sample size, multiple brain regions involved in SZ, and additional markers such as spinophilin or MAP2 [7, 78] , which have been previously used to demonstrate alterations in SZ brains, but to our knowledge, have not been used in conjunction with mitochondrial markers. In addition to the electron and fluorescence microscopy analyses of SZ postmortem brain tissue, functional signatures of mitochondrial dysfunction have been observed in induced pluripotent stem cell (iPSC) models derived from SZ patients and other disorders. Mitochondrial deficits have already been observed in iPSC-derived neuronal models of several human disorders, including Pearson marrow pancreas syndrome [79] , Friedreich's ataxia [80] , Parkinson's disease (PD) [81] , and SZ [82, 83] . Outside of the iPSC models generated from SZ patients thus far, the PINK1 PD model data are particularly intriguing as a cohort of individuals carrying PINK1 mutations have been shown to have a higher occurrence of SZ and schizoaffective disorder than noncarriers [84] , although lack of complete penetrance for the SZ phenotype does not suggest PINK1 mutations alone are sufficient for SZ disease liability. However, this observation regarding a link between PINK1 and SZ is also interesting because a loss in PINK1 function has been shown to increase Drp1-dependent mitochondrial fragmentation [85] . Elegant work by Li et al. [20] demonstrated the Drp1-and Opa1-mediated mechanisms and described how a loss in dendritic mitochondria contents leads to a loss of spines and synapses, and showed how a gain in dendritic mitochondria has the opposite effect; together, these datasets provide a strong mechanistic link between mitochondrial dysfunction, dendritic spines, and SZ pathophysiology. The PINK1 PD iPSC model demonstrated PINK1 homozygotes are significantly more susceptible to chemical stressors than healthy controls, resulting in an increased release of lactate dehydrogenase (LD), an increased production of mitochondrial reactive oxygen species (ROS), and reduced glutathione (GSH) levels. Moreover, the authors were able to demonstrate that the iPSC-derived neural cells were more sensitive to the chemical stressors than the parental fibroblasts cells, highlighting the importance of making neural-specific cell types for such evaluations [81] .
Several SZ iPSC models have demonstrated mitochondrial defects in addition to synaptic dysfunction and expression alterations in coding and noncoding RNAs. Robicsek et al. [82] evaluated 3 SZ cases versus 2 controls, and reported a significant decrease in mitochondrial membrane potential and an uneven mitochondrial distribution in all evaluated cell types of SZ versus controls, including keratinocytes, iPSCs, neural precursor cells (NPCs), dopaminergic neurons, and glutamatergic neurons. Brennand et al. [83] evaluated NPCs from 4 SZ cases and 6 controls, and reported a significant decrease in mitochondrial membrane potential, an increase in ROS, and a difference in mitochondrial size/distribution in SZ versus controls. In addition to these reports of mitochondrial deficits in SZ iPSC-derived neural cells, other SZiPSC studies have also revealed differences in extramitochondrial oxygen consumption and ROS [86] , density of synaptic boutons [87] , frequency of synaptic currents [87] , depolarization-induced vesicle release [87] , neuronal connectivity [88] , and number of neurites [88] in SZ iPSC models compared to controls. Given that neurons differentiated from human iPSC models represent a much earlier stage of life than those present in the adolescent or adult brain, and that mitochondrial defects have also been observed in nondifferentiated NPCs, these results also suggest mitochondrial dysfunction may precede the onset of SZ symptoms and support the hypothesis that SZ is a developmental disorder.
The Role of APDs
There is a long history of in vitro studies demonstrating that APDs and dopamine agonists can cause mitochondrial impairment , most often described by a hypofunctional effect on mitochondrial complex I [89] [90] [91] [92] [93] [94] [95] . Additionally, APD treatment in rodents has been observed to have long-term effects on mitochondrial protein in synaptosomal preparations [96] . Consistent with these reports, we have observed a significant reduction in mitochondrial function after treating lymphoblastoid cell lines (LCLs) with 30 μ M haloperidol for 24-48 h ( fig. 3 ) . Specifically, we observed a significant reduction in both adjusted basal respiration (i.e., basal respiration -nonmitochondrial respiration; fig. 3 a) and coupling efficiency ( fig. 3 b) following chronic haloperidol treatments in vitro. In addition, we also found a robust decrease in maximum respiratory capacity after drug treatment ( fig. 3 c) , and a clear increase in ATP turnover ( fig. 3 d) , although these latter two results were not statistically significant across our four independent experiments. It should be noted that the experiment was performed with a supratherapeutic dose of haloperidol, and utilized a nonneuronal cell line; nevertheless, these results are consistent with previously published observations of mitochondrial hypofunction following in vitro APD treatment.
However, despite the effects observed in vitro, several reports of haloperidol and olanzapine treatment in cyno- In these studies, APD treatment did not result in significant differences in gene expression signatures of mitochondria [97] , specific RhoGTPase genes involved in dendritic spine morphogenesis [6] , the immunoreactivity of MAP2 [7] , or dendritic spine density in general [78] . These results were obtained from gene expression analysis of brain tissue homogenate and region-specific (but not cell-specific) imaging studies, so it is possible that APD treatment effects cannot be observed in these models without isolation or imaging co-localization of specific neuronal cell populations or subtypes. Despite the potential for APDs to have hypofunctional effects on a number of molecular pathways relevant to SZ pathology, consistent data from blood, postmortem brain tissue, and iPSC models of SZ demonstrate an enrichment of mitochondrial genetic aberrations or reductions in mitochondrial function and thus do not support the idea that mitochondrial dysfunction is exclusively due to APD treatment, but rather is intrinsic to the complex genetic etiology of SZ. The effects of APDs should, nonetheless, be investigated further as hypofunctional effects on pathways relevant to SZ pathology may exacerbate symptoms or vitiate the effect of alternative treatment strategies. Likewise, a variety of APD treatments have been linked to metabolic syndrome and, as such, investigations should continue to evaluate their effects on appetite, metabolic processes, and mitochondria [98] . The motility and function of mitochondria should additionally be evaluated in the context of immune activation, viral infections, drug exposure, etc. as these gene-environment interactions may play a role in SZ pathophysiology, disease onset, or penetrance. Maternal immune activation, for example, has been shown to alter mitochondrial proteins involved in core metabolic pathways, and may be one mechanism by which genetic susceptibility and environmental stressors collectively contribute to SZ [99] .
Drug-Targeting Mitochondria in Dendritic Spines and Relevance to Other Disorders
Given the array of evidence that suggests a pathological role of mitochondrial dysfunction in SZ, it may be extremely beneficial to investigate existing therapies and develop new drugs that target mitochondrial function and/or localization. Moreover, there is a wealth of information describing mitochondrial deficits in a number of other disorders, many of which are neurological in nature, so strategies using drugs targeting mitochondria A reduction in mitochondrial copy number has been associated with a general increased risk of disability and is a 'significant predictor of all-cause mortality' across multiple ethnic populations [57] . In addition, one study evaluated 11 major late-onset human diseases, and found significant association between mitochondrial haplogroups and 5 of the studied diseases -SZ, primary biliary cirrhosis, multiple sclerosis, ulcerative colitis, and PD [50] . Additional associations have been described for mitochondrial variants in a variety of complex human disorders [50, 100] . In addition, mitochondrial genes are heavily implicated in Mendelian disorders of both childhood and adult onset, resulting in the emergence of focused exome panels and genetic evaluations where mitochondrial dysfunction is suspected to be involved [101] . A range of mitochondrial abnormalities has also been described for several neuroimmune and neuropsychiatric disorders, including BD, multiple sclerosis, PD, SZ, autism, and chronic fatigue syndrome [102] . Collectively, there is considerable evidence that mitochondrial dysfunction (in general) may not be specific to SZ pathophysiology, but rather the specific causes of mitochondrial dysfunction and the types of mitochondrial abnormalities observed may be disease-specific [102] [103] [104] . Using BD as an example and point of comparison, mitochondrial alterations that appear specific to SZ include the following: (1) studies evaluating peripheral blood mononuclear cells or LCLs identified significantly reduced complex I activity, increased protein oxidation, and abnormal mitochondrial networks in SZ compared to controls, but not in BD [103, 104] ; (2) mitochondrial ultrastructure abnormalities have been observed for both SZ and BD, though SZ-specific mitochondrial alterations are more supportive of a reduction in mitochondrial density, while BD-specific mitochondrial alterations allude to changes in mitochondrial size or cellular distribution [41, 72-74, 105, 106] ; (3) specific alterations in the mitochondrial genome within the brain (e.g., increased substitution rate, increased number of nonsynonymous mutations, and decreased levels of the common deletion) have been observed in SZ but not in BD [42] [43] [44] 52] , and (4) large CNVs, specifically large deletions, have been shown to confer risk for SZ and contain an enrichment of mitochondrial targets, but currently available CNV data suggest large deletions do not play a significant role in BD etiology [18, 19, 35, 107, 108] . We hypothesize that mitochondrial dysfunction will be observed with greater overlap between psychiatric disorders at the RNA and protein levels due to the downstream effects of increased oxidative stress and altered glycolytic activity, while genetic aberrations in mitochondrial genes will be observed more frequently in SZ. This supports the concept that mitochondrial dysfunction is a redundant feature of psychiatric and neurological disorder pathologies, with a more disease-specific signature of mitochondrial dysfunction occurring in SZ as it relates to genetic etiology.
These lines of evidence support the need to investigate drugs that target mitochondrial dysfunction; for SZ specifically, we hypothesize that therapies observed to modulate mitochondrial density or function in dendritic spines would be the most beneficial. Acetyl-L -carnitine, which is responsible for transporting fatty acids into mitochondria, has been shown to restore dendritic spine density in a rat model of ischemic stroke but only when administered prior to vessel occlusion [109] ; likewise, acetyl-L -carnitine treatment has been shown to rescue hippocampal dendritic morphology abnormalities in a mouse model of Rett syndrome when administered daily starting at birth [110] . Given that this treatment has been shown to rescue dendritic spine abnormalities when given early or prior to disease phenotype onset in these models, this type of mitochondrial therapy may likewise be more beneficial in SZ if administered prior to dendritic spine loss and symptom onset, highlighting the need to identify at-risk individuals by genetic analysis. Latrepiridine (Dimebon), an anti-histamine, has been shown to affect mitochondrial morphology and is reported to have a beneficial effect on the cognitive decline observed in Alzheimer's Disease (AD), and displayed some effect on the negative and cognitive symptoms in a small trial of SZ patients [111] [112] [113] . Rosiglitazone, a proliferator-activated receptor-γ (PPARγ) agonist, has been shown to rescue dendritic spines by increasing mitochondrial numbers in a variety of studies, including an animal model of frontotemporal lobar degeneration (FTLD) and hippocampal slice cultures exposed to toxic amyloid-β oligomers [114, 115] . A proliferator-activated receptor-α (PPARα) agonist, fenofibrate, demonstrated significant behavioral modifications in a neurodevelopmental rat model of SZ [116] . Agonists targeting PPARs or transcriptional co-activators of PPARs may be an especially intriguing family of drugs for SZ investigation, as their role in modulating mitochondrial biogenesis, dendritic spines and metabolic effects has been described extensively and is currently a topic of intense study [117] [118] [119] [120] [121] [122] [123] . Interestingly, PPARγ and PPARα agonists were also shown to reverse the behavior changes associated with an animal model of oral dyskinesia, a phenotype that is induced by chronic ad-ministration of haloperidol [124] . This leads to the additional speculation described above that APD treatments could potentially vitiate alternative treatment strategies. Consistent with this speculation, rosiglitazone was not shown to have a significant impact on cognitive performance in a small clinical trial of clozapine-treated SZ patients [125] . Future studies should include investigation of currently available and newly developed drugs that target mitochondrial function and density in dendritic spines.
Conclusions
This review summarizes evidence supporting a multifactorial model of mitochondrial dysfunction within the complex genetic etiology of SZ. There is an abundance of published data, in addition to the preliminary evidence we provide, that suggests there are multiple paths to mitochondrial dysfunction in SZ pathophysiology. Given the intrinsic link between mitochondria and dendritic spines, we hypothesize that mitochondrial dysfunction provides one route of pathology leading to the deficits in dendritic spine architecture observed in SZ brains, and ultimately leads to flawed connections in cortical circuitry and SZ symptoms.
Because of the link between mitochondria and dendritic spines, one avenue of pathophysiology is that signatures of mitochondrial dysfunction are caused by other aberrations in genes involved in spine formation and maintenance, such as the PSD system or cytoskeleton organization. If signatures of mitochondrial dysfunction were exclusively related to differences in gene expression, mitochondrial function, or copy number, this speculation would be supported. However, mitochondrial genes are redundantly associated with SZ in GWAS, suggesting it is at least equally or more likely that mitochondrial dysfunction alone may contribute to dendritic spine loss and/or underdevelopment in some, but not necessarily all, SZ subjects. The dendritic spine deficits observed in SZ could, therefore, be independently associated with mitochondrial dysfunction or be an additive phenotype resulting from alterations in the mitochondrial, cytoskeletal, and PSD networks as our model shows in figure 1 . There is also evidence suggesting mitochondrial variants may contribute to disease onset variation and symptom severity in SZ, and thus may be ideal candidates for population stratification and post hoc analyses. Aberrations in mitochondrial genes have been observed in the form of large CNVs, rare disruptive mutations, and de novo mutations in a number of independent studies. While most of these events are identified by screening genomic alterations that occur with low frequency in the general population, it should also be noted that SNPs have been predicted to contribute to possibly one quarter of SZ disease liability, many of which are common with a high minor allele frequency. Likewise, genetic associations between SZ and mitochondrial variants within the hypervariable region of the mitochondrial genome and mitochondrial haplogroups support an association between mitochondrial DNA and risk of or protection against SZ. It could be worthwhile to stratify subjects by mitochondrial variants when testing for association of nuclear variants with SZ, which has not yet been reported.
Another possibility that should be addressed is that APD treatment leads to the observed signatures of mitochondrial dysfunction. In vitro evidence does suggest that APD treatment can lead to mitochondrial hypofunction; however, genetic associations in mitochondrial genes further support the argument that these effects are most likely independent of the role mitochondrial dysfunction plays in the complex genetic etiology of SZ. The role of APD treatments in mitochondrial function should, nonetheless, be investigated further as hypofunctional effects could potentially exacerbate SZ symptoms or vitiate the effect of alternative treatment strategies. High-throughput in vitro drug screens may benefit from combinatorial testing designs, where mitochondrial density in dendritic spines can be rescued in the presence of APD treatments, as clinical trials will likely continue to be performed on SZ patients who are currently on some form of APD treatment given the efficacy these drugs have on the positive symptoms.
Lastly, we suggest that drugs targeting mitochondrial function, biogenesis, copy number, or dendritic localization may be a beneficial therapeutic strategy for some SZ patients. Genetic analyses aimed to identify individuals at risk for SZ and schizoaffective disorder need to continue as drugs targeting mitochondrial function and localization may be more efficacious as a preventative strategy in high-risk groups. It is also imperative that large-scale genomic analyses continue on SZ cohorts to potentially allow subgroup identification or stratification for drug trials, as it is possible that drugs aimed to target mitochondrial function or localization will only be helpful for a portion of SZ patients carrying mitochondrial-specific risk variants, while others harboring mutations outside of the mitochondrial network may benefit more from drugs aimed to stabilize microtubules or directly affect neurotransmitter levels. We hypothesize that there are many ways dendritic spine architecture and density could be modulated in SZ pathophysiology, and that mitochondrial dysfunction occurs as one major mode of disease susceptibility. This model further supports the hypothesis that SZ is a polygenic disorder, and thus warrants continued genomic analysis of large SZ cohorts, including covariate or post hoc analyses of phenotypic subgroups or cohort stratification based on mitochondrial variants or haplogroups, in order to understand the molecular mechanisms in play during brain development, symptom onset, and disease progression. We hope that understanding mitochondrial dysfunction within SZ pathophysiology will lead to more efficacious treatments and provide relief to patients afflicted with this devastating psychiatric disorder.
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